Abstract: Determination of safe and optimal routes for biomedical waste (BMW) collection and transportation using a fleet of vehicles is a complex issue. The issue gets significant, when the vehicles that outset from multiple depots, collects the BMW from hospitals scattered around a region and carry the waste to multiple disposal sites. The present paper deals with the development of a modified ACS-based approach to determine the optimal and safest route for BMW collection and transportation for such situation. The major objectives considered for route selection of vehicles, are the risk associated with the collection and transportation of BMW; total scheduling time of vehicles and number of vehicles. In this approach, clusters of the hospital nodes are constituted based on their distance from the nearest depot and late time window associated with the hospital node. Thereafter, the routes are scheduled and optimised using modified multi-objective ant colony system (MOACS). The computed results are validated abreast with benchmark solutions, demonstrating effectiveness of the proposed approach. Its applicability is elucidated using an illustrative example based on realistic data.
Introduction
Biomedical waste (BMW) is a potential health hazard to the healthcare workers and public if not managed legitimately during collection and transportation. The challenging task in collection and transportation of BMW is to select safest and shortest routes, satisfying the constraint of collection time window of hospital. Such problems are variant of vehicle routing problems with time window (VRPTW), in which vehicles leave the depot, serve the nodes within the given time window, and upon completion of their routes, returns back to the same depot. Each node is characterised by its own demand and time window. Depending on the condition whether the problem is related with only one depot or multiple depots, the VRPTW is termed as single-depot VRPTW or multi-depot VRPTW (MDVRPTW) respectively. Single-depot VRPs are not suitable for practical situations, though they have attracted researchers in a wide sense. In MDVRPTW, since there are a large number of depots, it is a difficult task for decision makers to determine which node is served by which depots without surpassing the vehicle capacity and time window constraints. The MDVRPTW is an extension of vehicle routing problem (VRP). As VRP is NP-hard problem, the MDVRPTW with more restrictions also belongs to the set of NP-hard problems (Bodin et al., 1983; Lenstra and Rinoy Kan, 1981) . Therefore heuristic algorithms are applicable for this type of problem. Formulation of the algorithm for MDVRP and MDVRPTW can be found in Bodin et al. (1983) and Salhi and Neggy (1999) . Wu et al. (2002) used simulated annealing for solving MDVRP. A 'cluster first, route second' strategy was used by Giosa et al. (2002) for developing the MDVRP with time windows (MDVRPTW). An improved ant colony optimisation (IACO) was proposed by Tang (2016) for solving this MDVRP by using scanning algorithm (SA). The problem get further complicated when multiple disposal options are additionally available for disposal of BMW. Under such circumstances a modified strategy is required to handle this complex situation, which arises in many real life disposal problems.
In the present study an ACS-based approach is used to optimise the multi-depot BMWCT problem with multiple disposal sites. The ACS is one of the variants of ant colony optimisation (ACO) is introduced by Dorigo (1992) . Dorigo and Gambardela (1997a, 1997b) based on the work done on the ant system (AS) in the early '90s (Colorni et al., 1991; Dorigo, 1992; Dorigo et al., 1996) . It is inspired by the behaviour of real ants. Bullnheimer et al. (1997) for the first time used a variant of ACO called AS, for VRPs. Gambardella (1999) introduced MACS-VRPTW based on ACS and used to optimise bi-objective optimisation problems in which two separate ant colonies are used for optimisation. However, it gives priority to the first objective over the second one. In 2003, Baran and Schaerer presented MOACS-VRPTW for multi-objective VRPTW. The MOACS can deal with multiple numbers of objectives using a single ant colony, a good convergence to Pareto-front surface was observed with the MOACS-VRPTW and all the objectives are given equal consideration.
A typical BMWCT problem considered in the present study is enlivened from a real life condition and consists of number of hospital nodes, multiple depot and multiple disposal sites for BMWCT (Figure 1 ). The present problem is considered as a variant of MDVRPTW with multiple disposal sites, and a modified algorithm is developed to provide solution for safe and optimal collection and transportation of BMW. 
The approach
In the present study the objectives considered for route selection are risk associated with the collection and transportation of BMW, total scheduling time of vehicles and number of vehicles. The problem consists of a network of hospitals called as nodes, routes connecting the nodes and predefined number of depot and disposal sites. The decision making stages are classified into four stages viz. grouping/clustering, routing, scheduling and optimisation. The BMWCT is NP hard problem so exact methods are not suitable to obtain optimal solutions, so the routes are optimised for minimum collection and transportation risk, minimum scheduling time and minimum number of vehicles using modified multi-objective ACS. The concept of multiple objective ACS (MOACS) supported by a clustering algorithm is used for optimising the multiple objectives in the BMWCT with multiple disposal facility, and is modified to suit the BMWCT problem with time window. The MOACS is modified to introduce a heuristic function for risk. The approach also employs a candidate list which is a static data structure of predefined finite length containing only those preferred candidate routes with higher product of pheromone value and heuristic values for route length and risk, allotted for each node-link pair and hence reduces the computational time. The proposed approach also considers capacity utilisation factor for optimum use of vehicle capacity.
Risk assessment of BMWCT system
One of the major aims of the present study is to provide a secure BMWCT routes by avoiding unreasonable residual risk. The risk assessment of BMWCT is a difficult task in India due to the non-availability of the relevant information, unawareness and non-maintenance of data for BMWCT. Moreover no systematic studies on risk analysis for BMWCT system have been reported in the country. A scenario based risk assessment approach is developed by the authors (Tembhurkar and Radhika, in press) to analyse and assess the risk associated with the collection and transportation of BMW.
The risk value is calculated for each node link pair as (R) = probability of occurrence of event (P) x severity of the consequences (S) x vulnerability value of the scenario (V).
The risk values associated with the link are calculated by using the approach developed by authors.
Problem formulation
The problem consists of network of nodes and arcs = (N, L), with predefined number of depot and disposal sites. Each node i is associated with a non-zero amount of waste (w i ) to be collected within a given time window (ETW i , LTW i ), where ETW i is the earliest time before which the node cannot be visited and LTW i is the latest time after which the node cannot be visited. The disposal sites and depots can be visited more than once therefore the depots and disposal sites are duplicated a number of times as required but the distance between the copies is considered as zero. A set of V homogeneous vehicles with fixed vehicle capacity (C) starts from depot. Each depot is associated with a time horizon (ETW 0 , LTW 0 ). The route connecting the nodes is called as link. Each link ij is associated with an amount of pheromone τ ij . The route length of link ij is given by L ij . The BMWCT risk associated with node (collection) and link (transportation) is denoted by Rc ij and RT ij . Average time required by vehicle k to travel from node i to node j ( kЄ V, ) is tijk and the service time at node j for vehicle k is ts jk . Path traversed by vehicle k visiting m nodes is p(k) (∀k ∈ V, m ⊊ N). Tk i is service start time of vehicle k at node i and t wjk is the waiting period at node j for vehicle k (∀k ∈ V, j ∈ N).
A fixed capacity vehicle starts from depot collects the BMW from the nodes (hospitals) allocated to the respective route while satisfying the constraints, once the vehicle capacity is exhausted the vehicle visits the nearest disposal site, dumps the waste and regains full vehicle capacity. This disposal site is then considered as a pseudo depot and the vehicle which has regained the capacity, now visits the remaining allocated nodes satisfying all the constraints in the same cluster till the maximum route length for the vehicle is reached and returns back at the same depot. The location of node, demand and time window of each node is also known in advance and each node must be visited by a vehicle exactly once.
The objectives to be minimised for route optimisation of BMWCT are as follows: 
∑ ∑ constraint for maximum route length i δ j = (C ki + w j ) / C vehicle capacity utilisation factor.
Clustering
In addition to the major objective for route optimisation viz. minimising the risk, total travelling time and number of vehicles, the route compactness of a solution is also considered since it is an important criterion in many practical applications. A solution with better route compactness has lesser number of crossovers among the routes. In order to improve the route compactness, a modified MOACS supported by clustering-based algorithm is developed. The flowchart for clustering is given in Figure 2 . For some of the instances there exist nodes with nearby location and similar time window. It is then economical to service such two nodes directly after each other by the same vehicle. However, due to time windows and capacity it might not be done by the same vehicle in the optimal solution, such similar nodes are considered as single called as super-nodes.
For node clustering the node attributes considered are Euclidian distance from centroid and time period priority (TPP). In clustering the nodes are assigned to the adjacent depot based on the Euclidian distance from depot and TPP of the node. For determining TPP, the late time window for each node is arranged in ascending order and numbered serially. Increasing priorities are assigned to nodes in decreasing order of their LTW i called as TPP. The nodes are arranged in the increasing order of their late time window and then clustered based on the minimum distance between nodes and depots. The Euclidean distance between the customer and the depot is computed, and based on the minimum distance. This merging of reduces the number of nodes and thus the solution space. The depot is considered as a seed (initial centroid). The nodes are assigned to the nearest seed stop considering the vehicle capacity. To apply clustering algorithm the major attribute considered are Euclidean distance from the centroid and TPP. The early time window of the nodes (ETW i ) is checked with the time of arrival of the vehicle. A modified k-means algorithm is used to cluster the nodes (∀i ∈ N \ {0}) based on the attributes. It assumes that the object attributes form a vector space. The nodes are clustered as shown in Figure 3 . If the numbers of disposal sites are greater than number of depots, the depot is duplicated number of times as required such as the distance between the copies of depot is zero. As given in Figure 4 the depot D2 is duplicated. 
Routing
In routing phase, the customers in each group are divided into different routes. The aim of routing is to minimise the risk and total scheduling time associated with BMWCT and vehicles used, while not violating the vehicle capacity constraint. The modified MMOACS ( Figure 5 ) is proposed to solve for safe and shortest route. The maximum vehicle capacity can be achieved by selecting the node with maximum capacity utilisation factor satisfying the constraints. 
Solution construction
Initially the number of vehicles required to serve the nodes is estimated, based on the total waste to be collected and vehicle capacity and the nodes are clustered based on their locations and TPP.
At this stage, clusters are formed such that each cluster can be served by a single vehicle. Each cluster is solved by the modified MOACS approach developed in the present study. The route compactness of the solution can be improved further by moving nodes among clusters. When there is no feasible solution with the estimated number of vehicles, the procedure is repeated with increased number of vehicles. Computational results show the effectiveness of the proposed approach.
The nodes are clustered considering the depot as seed as discussed in the previous paragraph. For each cluster the solution construction starts with an empty partial solution set s = ( ). Then, at each construction step the current partial solution s is extended by adding a feasible solution component from the set of solution components N.
This set is determined at each construction step by the solution construction mechanism in such a way that the problem constraints are met. The choices performed by an ant about the feasible solution component to be added to the partial solution are based on a set of parameters {τ ij and ŋ ij } called desirability that the feasible solution (say node j) to be added shares with a vertex i on a partial solution. The process of constructing solutions is assumed as an ant moving on the construction graph = (N, L). To construct a solution, the depot and the disposal points are duplicated a number of times as required, and the distances between copies of the depots and copies of disposal are set to zero. Each artificial ant starts from a randomly chosen copy of the depot and, at each step, moves to a not yet visited node that does violate the constraints. The set of available nodes in the candidate list also includes not yet visited duplicated depots.
An ant k placed at node i chooses the next node to move either selects exploration or exploitation using a probabilistic rule. If the ant selects exploitation the ant uses candidate list with the probability rule to choose the node to move. A candidate list contains ( ) k i lc lc N ∈ preferred nodes to be visited. The choice of the feasible solution component (j) to be added to the partial solution is done from ( ).
where • q -random variable uniformly distributed in (0; 1).
• q 0 -is a parameter (0 ≤ q 0 ≤1), and with probability q 0 the ant makes the best possible move as indicated by the heuristic information and the learned pheromone trails and (in this case, the ant is exploiting the learned knowledge), while with probability (1 -q 0 ) it goes for a biased exploration of the arcs.
• k i N -a set of not yet visited nodes.
• The heuristic desirability [ŋ ijk ] ε = 1 / (Te ijk ), here, Te ijk is the effective time required by vehicle k to travel from node i to node j.
• The heuristic desirability [ŋ ijk ]ζ = 1 / (R ijk ), where R ijk is risk associated with collection and transportation of BMW along link ij.
The value of parameters α and β, determines the relative importance of the heuristic desirability information, α > 0 and β > 0, The probability is calculated for all not yet visited nodes in the candidate list, the node with highest probability which satisfy the constraints is selected by the ant. In case if the probability of two or more nodes is same, the node with higher value of capacity utilisation factor (δ i ) is preferred. The capacity utilisation factor is introduced by Bullnheimer et al. (1997) . While moving over a link ij the pheromone value on the corresponding link is updated using local pheromone update [equation (2)].
The ant continues to visit the nodes till the vehicle capacity is not exhausted using the above approach. Once the maximum vehicle capacity is reached, the ant k visits nearest disposal facility. Now this disposal facility is considered as a pseudo depot (0') for the ant k and the vehicle can visits the unvisited nodes in the same cluster using modified MOACS. The new trail pheromone value (τ 0new ) is calculated. If the new trail pheromone value is greater than the previous (τ 0 ), i.e., if the new solution is better than the previous solution, global pheromone update [equation (3)] is applied to all the visited links in the set, otherwise, the global update is applied only to the visited links in the solution.
( )
(1 )
Numerical analysis
The proposed ACS-based algorithm has been validated in application to Solomon benchmark instances (Solomon, 1987) for the VRPTW. The algorithm is coded in C language and run on an Intel Core i5, 3.1GHz CPU with 4GB of RAM memory. The parameters used are m k = 10, α = 1, β = 1, ρ = 0.1, q 0 = 0.9. The algorithm is applied to all the Solomon benchmark problems. The overall distance between the nodes is considered instead of total scheduling time.
The best results in each set of runs are considered. The results obtained using present algorithm gives quite good results with deviation less than 5% compared to the standard best solutions. The results are competitive even after incorporating the data for more parameters to accommodate real life problem of BMWCT, thus, providing better flexibility and generality in real life problem. The results are summarised in Table 1 .
Illustrative example
A network of 25 nodes with two depot and three disposal sites is considered. The amount of waste at each node is estimated based on the number of beds in the hospital and the time window for the nodes is as given in Table 2 . The scenario risk value is calculated for the node-link pair of the network based on the parameters like traffic condition road condition, type of hospital, length of the route using the risk assessment model for BMWCT developed by author. The nodes are clustered considering the depot as seed.
The network is clustered in three clusters ( Figure 6 ). The clusters are optimised using MMOACS. After clustering the nodes the routing is done using the present approach. The final routes are as follows. -13-25-23-20-L3 and L3-2-14-16-4-L3 where L1, L2 and L3 are the three disposal sites. Improvement on distance is observed with number of iterations for the above mentioned illustrative example as given in a plot (Figure 7) where it is found that the more fluctuation in result value is observed during initial iterations which later got stabilised with further iterations. These is due to typical features of ACS of exploration wherein addition to exploitation of the previously obtained best solutions. 
Conclusions
The paper introduces a modified, multi-objective ACS technique supported by clustering algorithm, to obtain optimum and safe routes for BMWCT problem, involving multiple depot and disposal sites. The work is inspired from real life BMW collection predicament. The network considered in the present study consists of multiple numbers of depots, multiple disposal sites and hospital nodes. The hospital nodes are clustered to assign to their corresponding depots based on Euclidian distance from the depot and TPP. The nodes clustered to the same depot, are assigned several routes, and optimised using the modified multi-objective ACS considering risk associated with collection and transportation of BMW, total scheduling time of the vehicles and number of vehicles required. The effectiveness of the proposed approach is tested by a set of Solomon Benchmark problems of size 100 nodes. The findings indicate that, the present approach yields safe and optimum solution, with better route compactness for BMWCT problem with multiple depots and multiple disposal sites. This approach can be adopted for safe, sustainable and optimum solution for real life BMWCT problems.
